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Abstract
Ethane Dehydrogenation for Light Olefins Production Over Stable Catalyst
Xiaoyan Wang
Accompanied by the development of modern industry, the demand for light olefins (e.g., ethylene,
propylene, butene, butadiene) increases year by year. Light olefins are important intermediates in
producing polymers (Polyethylene, Polypropylene, etc.) and rubber (Styrene Butadiene Rubber,
Polybutadiene rubber, etc.). The primary process for the production of light olefins is steam
cracking of petroleum liquids (naphtha and distillate fuel oil). It is an energy-intensive process,
requiring high temperature (750-850℃) and pressure (1.0-4.5 MPa). Meanwhile, due to undesired
side reactions, this process has lowered the efficiency of light olefins production and suffers from
severe coking issues. Furthermore, as petroleum liquids become lighter, the steam cracking
products are shifted to ethylene.
Besides petroleum liquids, ethane is a promising feedstock for ethylene production by steam
cracking. Inexpensive ethane derived from natural gas is widely available. Using ethane as a
feedstock is far superior in terms of cost to naphtha feedstock. However, steam cracking of ethane
is an energy-intensive process too, due to the high reaction temperature (> 800℃). Moreover, the
product is limited to ethylene, other light olefins are hard to produce by ethane cracking.
Catalytic ethane dehydrogenation (EDH or ODH) is an attractive alternative to ethane cracking
because of relatively low reaction temperatures, and high flexibility for making other light olefins
and valuable aromatics. However, rapid coking, catalysts deactivation, low conversion, and low
selectivity are still the key challenges in catalytic ethane dehydrogenation. The major hurdle in
developing a commercially viable EDH or ODH technology is catalyst deactivation and high
energy consumption.

In this study, the ceria-supported Ru/CeO2 and Cs promoted ceria-supported CsRu/CeO2 catalysts
were developed for EDH and ODH process and demonstrated higher activity and long-term
stability. The effects of process parameters were investigated to optimize the light olefins
production from ethane. Meanwhile, the microwave-enhanced EDH and ODH process was
conducted at lower temperatures to reduce energy consumption and obtain higher diversity of light
olefins. It proved that microwave-enhanced ethane catalytic conversion could reach
the equivalent level of performance at temperature 150-200℃ lower than in the conventional
thermally heated fixed-bed reactor. Under microwave ODH conditions, ethylene, propylene,
butene, and butadiene are formed at a lower temperature (500℃-600℃), whereas they will need
a higher temperature (750-800℃) under thermal fixed-bed conditions.
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1. Introduction
1.1 Background and Literature Review
Light Olefins (e.g., ethylene, propylene, butene, butadiene) are important chemical intermediates
used in producing high-value chemicals, especially polymers (Polyethylene, Polypropylene, etc.).
The primary process for the production of light olefins is steam cracking using petroleum liquids
(naphtha and distillate fuel oil) as feedstock. It is an energy-intensive process, requiring high
temperature (750-850 ◦C) and pressure (1.0-4.5 MPa). Meanwhile, due to undesired side reactions,
this process has lower efficiency of light olefins production and suffers from the severe coke issue.
Particularly, this process contributes significantly to CO2 and NOx emissions

[1–3]

. Besides

petroleum liquids, ethane (C2H6) is a promising feedstock for ethylene production by steam
cracking. Inexpensive ethane derived from natural gas is widely available, especially, in North
America. In 2019, global natural gas production was 4 trillion cubic meters, with the U.S. being
the global leader producing 921 billion cubic meters (BCM). In the U.S. alone, 14.6 BCM/year of
natural gas was emitted into the atmosphere via flaring at remote production sites, due to the
limitation in transportation capacity and fluctuation of gas production. Ethane is the second most
abundant component in natural gas. Approximately 600,000 BCM /day of ethane is rejected in the
lower 48 states.[4] This significant waste of valuable resources also contributes to 6% of total global
greenhouse gas emissions.
Using ethane as a feedstock has a cost advantage over naphtha feedstock. A detailed comparison
of ethylene production costs by cracking of ethane and naphtha is shown in Figure 1. The
production cost is based on a 1 million t/a cracker including raw materials, capital costs, operation
costs as well as overhead and maintenance costs [5]. As shown in Figure 1, with ethane as feedstock,
the ethylene production cost saving is mainly due to the low cost of ethane. However, steam
cracking of ethane is an energy-intensive process too, due to the high reaction temperature (>
800℃). Moreover, in addition to ethylene, other important fundamental chemicals such as
propylene, 1,3-butadiene, etc., which are produced by naphtha steam cracking, are difficult to
obtain by ethane cracking. Catalytic conversion of ethane to valuable light olefins and other
chemicals at low temperatures with lower energy consumption and greenhouse gas (GHG)
emission is much more favorable.
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Figure 1. Comparison of ethane and naphtha cracking [5]
Catalytic ethane dehydrogenation (EDH) is an attractive alternative to ethane cracking because of
relatively low reaction temperatures (700-800 ℃) and other light olefins (propylene, butene, 1,3butadiene, etc.) and aromatics production. Conventional EDH, catalyzed by metal-supported
catalysts (Fe–Ni [6], Pt on CeO2, Al2O3, SiO2[7,8] supports, Cr on Al2O3, SBA-15, Al2O3, FeCrAl,
MCM-41, TS-1 supports [9-13], etc.), suffers from deactivation due to high carbon deposition rates.
Meanwhile, the high endothermicity of EDH leads to high energy consumption. The high energy
consumption and severe catalyst deactivation involved in the EDH process have motivated efforts
in developing the catalytic oxidative dehydrogenation (ODH) process that operates at lower
temperatures(400−600°C) and reduces the rates of carbon deposition. Oxygen has been used as an
oxidant for the ODH process. However, the strong oxidative ability of oxygen leads to overoxidation to yield COX that decreases ethene selectivity. CO2 has the appropriate oxidative ability
and chemical inertness under ambient conditions. Furthermore, the addition of CO2 improves the
activity of dehydrogenation catalysts by removing the evolved hydrogen through the reverse water
gas shift reaction, which effectively shifts the equilibrium toward product formation
(CO2+H2=CO+H2O). Therefore, it was considered a promising mild oxidant for the
dehydrogenation of ethane. In the dehydrogenation reaction, it can reduce the reaction temperature
and prevent the overoxidation of C2H6[14-16]. Meanwhile, the ODH process also converts CO2 into
CO that could be used as a precursor for producing valuable chemicals. This is a promising way
2

to mitigate CO2 emission and CO2 utilization (C2H6+ CO2 = C2H4 + CO + H2O). However, the
major challenge of ODH is the side reactions include dry reforming reaction (C2H6 + 2CO2 = 4CO
+ 3H2) and the cracking of ethane to carbon and methane (C2H6 = 2C + 3H2, C2H6 + H2 = 2CH4).
Besides controlling the subtle balance of these three reactions, the deactivation of the catalyst
remains the challenge of ODH.
Monometallic (Pt, Co, Mo, Ni, Fe, Cr, Ru, etc.) and bimetallic supported by Al2O3, SiO2, TiO2,
CeO2, ZrO2, zeolites, ZrO2, etc. were widely studied for EDH and ODH processes over decades
[9,13,24]

. However, rapid coking, catalysts deactivation, low conversion, or low selectivity are still

the key challenges in catalysts development. The major hurdle in developing a commercially
viable EDH or ODH technology is catalyst deactivation and high energy consumption issues.
CeO2 is one of the most effective supports due to the reversible transformation of Ce3+/Ce4+ and
abundant oxygen vacancies. Oxygen vacancies in CeO2 play an important role in the
adsorption/activation of surface-adsorbed CO2 species and even the reaction mechanism. The
concentration of oxygen vacancies in CeO2 supports can be correlated with the activity of the
catalyst, the higher concentration of oxygen vacancies could achieve the better activity. [21] Rita X
Valenzuela et al. reported that ceria-based catalysts (CaO-CeO2) showed a good catalytic
performance for the oxidative hydrogenation of ethane (ODE) with CO2, furthermore the catalytic
activity was stable for at least 80h on stream

[22]

. Benjamín Solsona et al. reported that

incorporation of low amounts of CeO2 to NiO multiplies the productivity of ethylene in the
oxidative dehydrogenation of ethane by a factor of ca. 7 by increasing both catalytic activity and
selectivity to ethylene [23].
For Ru/CeO2 catalysts, CeO2 causes an increase of Ru metal surface electron density,[24] and the
formation of oxygen vacancy on the CeO2[25]. Moreover, previous studies proved that the metalO-Ce bonds (e.g. Pt, Ag, and Ru) on the surface of CeO2 could result in finely dispersed metal
nanoparticles.[26] The electronic and geometric structures of Ru can also be modified by the
promoters, e.g. alkali metals and alkaline-earth metals. The alkali metals can significantly boost
Ru catalytic activity by facilitating its electron-donating ability through electron transfer to the Ru
surface [27] and effectively prevent the sintering of Ru due to the formation of small size particles.[28]
The promoting effect of alkali-metal follows the order of Cs > K > Na which is inversely
proportional to the electronegativity [29].
3

Microwave works by conversion of electromagnetic energy into thermal energy instantaneous to
reach efficient heating. The direct interaction of the microwave with the catalyst permits greater
sorption selectivity, resulting in selective heating effects, especially in metal oxides.[30] Previse
research had proved that microwave heating could significantly reduce the reaction temperature
and accelerate the reaction rate [31]. The thermal effects of the electric field are typically generated
when the dipoles are not able to align with the oscillating electric field sufficiently. These dipoles
can be defect sites (i.e. atomic vacancies) in the catalysts or dangling bonds on the surface of
catalysts which can be reactants or products. All those dipoles would be susceptible to selective
bond activation effects, which in turn can affect reaction rates.
In this study, the ceria-supported CsRu/CeO2 was developed for EDH and ODH process and
demonstrated higher activity and long-term stability. The effects of process parameters will be
investigated to optimize the light olefins production from the ethane. Meanwhile, the microwaveenhanced EDH and ODH will be conducted at low temperatures to lower the energy consumption.

1.2 Research Hypothesis
In this study, the CeO2 supported catalysts were developed for light olefins production from ethane.
The active metals have high activity for dehydrogenation of ethane to form ethylene, especially,
the noble metals (Ru, Pt, Rh, etc.). Meanwhile, the first-principles study has been theoretically
proven noble metals (Ru, Pt, and Rh) had high resistance to carbon formation.

[25,26]

Besides

dehydrogenation function, the active metals also demonstrated the aromatization activity,
especially for the highly dispersed nanosized active metal.[27]
Different from other support materials, CeO2 is a highly reducible oxide, which can be readily
reduced to Ce3+ thermally or chemically. [28] The reduced oxide has a strong tendency to react with
CO2, even causing direct C=O bond scission. Moreover, the CeO2 also demonstrated the activity
for dehydrogenation of ethane to form ethylene.
The electronic and geometric structures of Ru can also be modified by the promoters, e.g., alkali
metals Cs. Specifically, Cs can significantly boost Ru catalytic activity through electron transfer
to the Ru surface. Meanwhile, the Cs promoter can effectively prevent the sintering of Ru and
forms small size particles.[29] Herein, we present a detailed catalytic evaluation and structural
characterization to investigate their catalytic activity and stability in EDH and ODH processes.
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2. Experimental Section
2.1. Catalyst Preparation.
The Ru/CeO2 catalyst containing 4 wt.% Ru was prepared by the incipient wetness method.
Typically, 5 g CeO2 (99.95%, Sigma-Aldrich) support was wet impregnated with a 10 ml solution
of 0.64g Ru(NO)(NO3)3 (≥31.3% Ru, Alfa Aesar). After stirring for 2 h, the sample was dried at
80oC overnight and then calcined at 550oC for 4 h.
The CsRu/CeO2 catalyst containing 4 wt.% Ru and 2 wt.% promoter Cs also was prepared by
incipient wetness method. Typically, 5 g CeO2 (99.95%, Sigma-Aldrich) support was wet
impregnated with a 10 ml solution of 0.64g Ru(NO)(NO3)3 (≥31.3% Ru, Alfa Aesar) and 0.15g
CsNO3 (≥99.0%, Fisher Chemical). After stirring for 2 h, the sample was dried at 80oC overnight
and then calcined at 550oC for 4 h.

2.2. Catalytic Activity Evaluation
2.2.1 Thermal fixed bed activity evaluation
Non-oxidative and oxidative catalytic ethane dehydrogenation were performed in a fixed-bed flow
reactor (10 mm i.d. and 44.5 cm long quartz tube) at atmospheric pressure. In a typical test, 1 g
catalyst was placed in the reactor bed and the reaction temperature was measured with a K-type
thermocouple fixed at the catalyst bed. The temperature was increased from room temperature to
400°C, 500°C, 600°C, 700°C, 750°C, 800°C with 10 °C/min ramping rate, the temperature holds
an hour on each temperature step. The effects of process parameters, flow rate, C2H6 and CO2 mole
ratio, and temperature were investigated. The composition of the outlet gas was measured by
online gas chromatography (4-channel Inficon Fusion micro gas chromatography). GC was wellcalibrated with standard gases before analysis.
2.2.2 Microwave-assisted activity evaluation
The microwave-assisted EDH and ODH were conducted in a Sairem microwave system. The
catalyst activity for ethane conversion was measured in a quartz tube reactor (8mm-ID, 12mmOD) under atmospheric pressure. The operating frequency is 2.45 GHz, and the maximum forward
power is 900W. The microwave reactor system was equipped with an infrared pyrometer, which
was used to measure the temperature of the reactant and control the forward power of the
microwave. The infrared thermometer was used to measure the external surface temperature of the
5

bulk sample. The CeO2 supported catalysts (1 g) was sieved to 60-100 mesh and tested in a flowing
gas mixture of C2H6 and N2 at 500°C, 550℃, 600°C, 650℃ under maximum 9600 mL/gcat.h Gas
Hourly Space Velocity (GHSV). The light olefins concentration in the outstream was analyzed by
a 4-channel Inficon Fusion micro gas chromatography (Micro-GC), same as above.

2.3. Characterization
X-Ray diffraction (XRD) measurement was carried out on a PANalytical XRD using CuKα
radiation at 40 kV and 40 mA in the 2θ range from 10 to 100o at a scan rate of 5 o/min. Transmission
electron microscopy (TEM) measurement was carried out on a FEI Tecnai F20 Super-Twin,
operated at 200 kV. The samples were prepared by suspending catalyst in ethanol and dispersing
on a copper grid coated with lacey carbon film before TEM analysis.
H2 temperature-programmed reduction (H2-TPR) was carried out in a Micromeritics Autochem
2910 instrument. In the TPR measurement, 0.2 g sample was first pretreated at 300℃ for 120 min
in a flow of N2 (30 mL/min) followed by cooling down to 50 ℃. Then, the sample was heated up
to 850 ℃ at a heating rate of 10 ℃/min in a flow of 10% H2 in argon (30 mL/min). Hydrogen
consumption was measured using the calibration of the signal obtained using a TCD.
X-ray photoelectron spectroscopy (XPS) analysis was carried out using a PHI 5000 Versaprobe
Scanning ESCA Microprobe spectrometer equipped with a monochromatic Al X-ray beam (100
µm, 12.5W, 15 kV). The samples were sputtered with an Ar ion gun (2 kV, 2 µA, 1×1 raster) at a
sputter rate of 17 nm/min. The binding energies are referenced to the C(1s) binding energy of
adventitious carbon contamination taken to be 284.8 eV.
The average Ru particles size was estimated through the chemisorption technique with carbon
monoxide (CO) as the adsorbate. The measurements were performed in an ASAP 2020 instrument
(Micromeritics) at 35 ℃. The samples were reduced with H2 at 470 ℃ for 10 h before
measurements. The chemisorption data were used for calculating the Ru particle's size and
dispersions.
Thermogravimetric analysis (TGA) was carried out in Instruments SDT 650 to conduct the redox
property at different temperature levels. The sample was heated from 50℃ to 500℃/600 °C, at a
heating rate of 10 °C/min under an air atmosphere with 100 ml/min flow rate of air, then hold for
180 minutes, in the oxidate process. The reduction process followed it with, the sample was heated
from 50℃ to 500℃, 600 °C, 700℃, 750℃, 800℃ at a heating rate of 10 °C/min under an air
6

atmosphere with 100 ml/min flow rate of hydrogen, then hold for 210 minutes. Meanwhile, the
heat flow is recorded by DSC function in the TGA instrument.

7

3. Thermal Ethane Dehydrogenation
3.1 Ethane Dehydrogenation Without Catalyst
To confirm the effect of catalysts, the initial studies were performed without any catalysts in a
thermal fixed bed reactor. This process is similar to the industry ethane thermal cracking, but the
temperature is lower than that in the industry (>800 °C). The baseline test was carried out at flow
rates of 10ml/min C2H6 and 10ml/min N2.

Figure 2. Ethane conversion, light olefins selectivity, and BTX selectivity
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

Figure 2 shows ethane conversion, light olefins (ethylene, propylene, and butenes, but only
ethylene was detected here) selectivity, and BTX selectivity for this process. With an increase in
reaction temperature, the ethane conversion was increased and reached the highest 89.6% at 800 ℃.
The selectivity of light olefins reached the highest 92.2% at 700 ℃ and decreased as reaction
temperature further increased. When reaction temperature was increased from 750 ℃ to 800 ℃,
the selectivity of BTX increased from 5.3% to 20.0%. In contrast, the selectivity of light olefins
decreased from 86.8% to 40.4%. Figure 3 shows the yield of light olefins and BTX. The highest
yield of light olefins reached 62.15% at 750 ℃, meanwhile, about 3.8% BTX (benzene, toluene,
and xylene) was detected in products. As the temperature was increased, the BTX yield increased,

8

because ethylene aromatization took place at elevated temperatures. At 800 ℃ the BTX yield
could reach 17.9% and the selectivity was 20.0%.

Figure 3. Yields of light olefins and BTX at different reaction temperature
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

9

3.2 Non-oxidative Ethane Catalytic Dehydrogenation (EDH)
3.2.1 Comparation of catalyst Ru/CeO2 and CsRu/CeO2 for EDH

Figure 4. Ethane conversion and light olefin yield over Ru/CeO2, CsRu/CeO2
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

Figures 4 and 5 show ethane dehydrogenation performances of Ru/CeO2 and CsRu/CeO2. The
feedstock flow rates were set at 10ml/min of C2H6 with 10ml/min of N2 as inert. As shown in
Figure 4, ethane conversion was not significantly different between those two catalysts, even lower
than in the baseline test. The ethane conversion over CsRu/CeO2 was the lowest under these
conditions. However, the light olefins yield over CsRu/CeO2 was the highest. At reaction
temperature of 750 ℃, the yield of light olefins reached 53.2% (14.25 mmol·gcat-1·h-1) over
CsRu/CeO2, 47.6% (12.75 mmol·gcat-1·h-1) over Ru/CeO2, and 46.3% without a catalyst. The
reason is that the light olefins selectivity was significantly improved by the catalysts, especially
by CsRu/CeO2. As shown in Figure 5, at 700 ℃, the light olefins selectivity increases from 71.2%
in baseline to 74.6% and 87.0% over Ru/CeO2 and CsRu/CeO2, respectively. However, the
selectivity of light olefins decreases when the reaction temperature was further increased to 800 ℃
over both catalysts, then dropped to 51.7% over CsRu/CeO2 and 41. 6% over Ru/CeO2.

10

Figure 5. Light olefins selectivity over Ru/CeO2, CsRu/CeO2
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

Figure 6. BTX selectivity and yield over Ru/CeO2, CsRu/CeO2 at various temperatures
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

The decrease in selectivity to light olefins with an increase in reaction temperature was largely due
to the aromatization of light olefin (3C2H4= C6H6 + 3H2). As shown in Figure 6, the BTX aromatics
11

were formed at a relatively high reaction temperature (> 700 ℃). The selectivity and yield of BTX
increased with an increase in reaction temperature, reaching the highest level at 800 ℃ over both
catalysts. CsRu/CeO2 demonstrated better aromatization activity than Ru/CeO2. The yield of BTX
reached 18.4% (4.93 mmol·gcat-1·h-1) with 20.7% selectivity over CsRu/CeO2 at 800 ℃, and
around 14.9% (3.99 mmol·gcat-1·h-1) with 16.6% selectivity over Ru/CeO2 at 800 ℃.
Besides ethylene and aromatics products, other light olefins such as propylene, butene, butadiene,
etc. are also targeted molecules. Figure 7 illustrates the light olefin distribution in the total light
olefinic products. Without a catalyst, shown in Figure 7a, only ethylene was detected. However,
butene was detected in the products stream when Ru/CeO2 and CsRu/CeO2 were used as catalysts.
The butene yield reached the highest at 700℃ over CsRu/CeO2. Then it dropped with the increase
in temperature.

Figure 7. Light olefins distribution: a. Baseline; b. Ru/CeO2; c. CsRu/CeO2
(Reaction condition: N2:10ml/min, C2H6:10ml/min)

In conclusion, the selectivity of light olefins was significantly improved by the catalyst in the EDH
process, especially by CsRu/CeO2. At 700℃, the light olefin selectivity reached 87.0%. At 750 ℃,
the yield of light olefins reached its peak value of 53.2% (14.25mmol·gcat-1·h-1) over CsRu/CeO2.
At relatively high reaction temperature (> 700 ℃), the formed light olefins will undergo
aromatization and produce BTX aromatics. Moreover, the CsRu/CeO2 demonstrated higher
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activity for light olefins aromatization. The yield of BTX reached 18.4% (4.93mmol/gcat.·h) with
20.7% selectivity over CsRu/CeO2 at 800 ℃. Therefore, the CsRu/CeO2 catalyst is a promising
catalyst for the ethane dehydrogenation process.
3.2.2 The effects of feed rates in EDH process
In order to optimize the EDH process, the effect of reactant flow rate over CsRu/CeO2 catalyst was
investigated. Three different flow rates were selected for the testing: a. N2 is 5ml/min, C2H6 is
5ml/min; b. N2 is 10ml/min, C2H6 is 10ml/min; c. N2 is 20ml/min, C2H6 is 20ml/min. The ethane
conversion and product selectivity were significantly affected by the gases flow rate. As shown in
Figure 8, the ethane conversion decreased with the gases flow rate increasing at all reaction
temperatures. Meanwhile, the ethane conversion increased as the reaction temperature increased.
At a relatively lower reaction temperature (600-700 ℃), the main product was light olefins, and
the yield decreased with a flow rate increase. At relatively high reaction temperature (700-800 ℃),
the BTX formed and with higher selectivity at a lower flow rate. As shown in Figure 8, the BTX
selectivity increased as reaction temperature increased, however, decreased with the flow rate
increase. By contrast, the selectivity of light olefins decreased as the reaction temperature
increased but increased with the flow rate increase. The selectivity of light olefins reaches 100%
at 700℃ when C2H6 was 20ml/min.
As shown in Figure 8, at a higher reaction temperature (>700℃), the yield of light olefins increased
as the flow rate increased, while the BTX yield decreased. When reaction temperature reached
800℃, the yield of light olefins increased from 31.8% (8.52 mmol·gcat-1·h-1) to 51.7% (55.39
mmol·gcat-1·h-1) with total gas flow rate from 10ml/min to 40 ml/min (Figure 8). By contrast, the
yield of BTX decreased from 22.2% to 11.3%, but the productivity increased along with flow rate
increase, from 5.95 mmol·gcat-1·h-1 to 12.11 mmol·gcat-1·h-1. The changes of selectivity of light
olefins and aromatic hydrocarbons with an increase in temperature were shown in Figure 9. The
result indicated that the lower flow rate of the reactant led to more ethylene conversion to BTX.
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Figure 8. Ethane conversion and light olefins/BTX yield over CsRu/CeO2
(Reaction condition: a. N2: 5ml/min, C2H6: 5ml/min; b. N2: 10ml/min, C2H6: 10ml/min; c. N2: 20ml/min, C2H6:
20ml/min)

Figure 9. Light olefins and BTX selectivity over CsRu/CeO2 in different feed rate
(Reaction condition: a. N2: 5ml/min, C2H6: 5ml/min; b. N2: 10ml/min, C2H6:10ml/min; c. N2: 20ml/min,
C2H6: 20ml/min)
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Figure 10. Light olefins distribution over CsRu/CeO2 in different feed rate
(Reaction condition: a. N2: 5ml/min, C2H6: 5ml/min; b. N2: 10ml/min, C2H6: 10 ml/min; c. N2: 20ml/min,
C2H6: 20ml/min)

Figure 10 shows the distribution of light olefins at different flow rates and temperatures. With
increase in feed rate, more C4 olefin was produced. For instance, when C2H6 flow rate was
5ml/min, only ethylene was detected. As C2H6 flow rate was increased to 10 ml/min, at 700℃, C4
olefin was detected, but it decreased when temperature continued to increase. At 700℃, the yield
of C4 olefin was about 1% (mole fraction) in the total light olefin products when C2H6 feed rate
was 10 ml/min, and it reached 1.7% when the feed rate was increased to 20 ml/min.
The carbon balance based on feed and gas product analysis for the three different flow rates was
measured. The carbon balance was almost 100% when the total reactant mixture flow rate was 40
ml/min (Figure 11). It decreased with the decrease in feed rate and increase in temperature. This
phenomenon was particularly evident when the reactant flow rate was low. The carbon balance
sharply decreased from 90.2% at 700 ℃ to 63.4% at 800 ℃, when reactant flow rate was lowered
to 5 ml/min. That mostly due to the coke formation which was caused by the polycyclic aromatics’
formation.
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Figure 11. Carbon balance over CsRu/CeO2 in different feeding rate
(Reaction condition: a. N2: 5ml/min, C2H6: 5ml/min; b. N2: 10ml/min, C2H6: 10 ml/min; c. N2: 20ml/min, C2H6:
20ml/min)

3.2.3 Conclusions
The catalytic performance of Ru/CeO2 and CsRu/CeO2 catalysts was investigated for the ethane
dehydrogenation in this section. This is the first time CsRu/CeO2 was used in ethane
dehydrogenation and the catalyst exhibited excellent activity in EDH process. Meanwhile, to the
best of our knowledge this is the first reporting about aromatization of alkanes without using a
zeolite with shape selective function.
By comparing selectivity and yields to light olefins & BTX and light olefins distribution over
Ru/CeO2 and CsRu/CeO2 at different temperature. We reach the following conclusions: a.
Ru/CeO2 exhibit higher activity in ethane conversion in general; b. CsRu/CeO2 has stronger effect
on the selectivity and yield of light olefins and BTX; c. The yield of light olefins reached maximum
for both Ru/CeO2 and CsRu/CeO2 at 750℃, but the highest selectivity was attained at 700℃; d.
BTX selectivity and yield increased with an increase in temperature; e. Both Ru/CeO2 and
CsRu/CeO2 can significantly improve distribution of light olefins whereas CsRu/CeO2 appeared
to be more selective than Ru/CeO2.
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The feed rate affected not only the ethane conversion, light olefins selectivity, BTX selectivity but
also light olefins distribution. With increase in feed rate, ethane conversion declined, but the light
olefins selectivity increased. The selectivity of light olefins reaches 100% at 700℃ when C2H6
was 20ml/min. The selectivity and yield of BTX decreased with increase in feed rate. For the light
olefins distribution, the higher feed rate resulted in more C4 olefins.

3.3 Oxidative Ethane Dehydrogenation (ODH)
3.3.1 Compare of Ru/CeO2 and CsRu/CeO2 in ODH

Figure 12. Ethane conversion, light olefins and BTX yield over CsRu/CeO2
(Reaction condition: N2: 10ml/min, C2H6: 10ml/min, CO2 is 10ml/min)

Figure 12 shows the ethane oxidative dehydrogenation performances over Ru/CeO2 and
CsRu/CeO2. As shown in Figure 12, CsRu/CeO2 exhibits slightly higher activity than Ru/CeO2.
As a result, the yields of light olefins at low temperature (<700℃) over those two catalysts were
similar. However, on raising reaction temperature above 700oC, the yields of light olefins and BTX
over CsRu/CeO2 catalyst were higher. For example, yields of light olefins were 44.4% and 45.8%
over Ru/CeO2 and CsRu/CeO2 at 750℃, respectively. The yields of BTX were 0.9% and 2.1% at
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750℃, respectively. From the carbon balance line in Figure 13, we could see that over CsRu/CeO2
catalyst, less amount of coke was formed.

Figure 13. Light olefins selectivity and carbon balance over Ru/CeO2 and CsRu/CeO2
(Reaction condition: N2: 10ml/min, C2H6:10ml/min, CO2: 10ml/min)

Figure 13 shows the selectivity of light olefins and carbon balance over the two catalysts. The
selectivity of light olefins deceased with the increase in reaction temperature, due to the conversion
of light olefins to aromatics (3C2H4= C6H6 + 3H2). As shown in Figure 12, the BTX aromatics was
formed at relatively high reaction temperature (> 700 ℃), the selectivity and yield of the BTX
aromatics were increased with increase in reaction temperature, reaching the maximum at 800 ℃
over both catalysts. CsRu/CeO2 exhibited higher aromatization activity than Ru/CeO2 at all
temperature tested. The yield of BTX reached 12.2% which was translated to the productivity of
3.25 mmol·gcat-1·h-1 over CsRu/CeO2. In contrast, the yield of around 8.1% over Ru/CeO2 was
obtained at 800 ℃. Furthermore, there was only ethylene presented in the products over Ru/CeO2,
but C4 olefin was detected over CsRu/CeO2. As a result, CsRu/CeO2 would be an anticipate
catalyst for producing light olefins in the following sections.
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3.3.2 Compare CsRu/CeO2 catalysis performance in EDH and ODH process
The comparison of oxidative ethane dehydrogenation (ODH) and non-oxidative ethane
dehydrogenation (EDH) over CsRu/CeO2 catalysts was studied in this section. CO2 has appropriate
oxidative ability and chemical inertness under ambient conditions. Therefore, it worked as a mild
oxidant for dehydrogenation of ethane. In the dehydrogenation reaction, it can reduce the reaction
temperature and prevent the overoxidation of C2H6. Meanwhile, the ODH process also converts
CO2 into CO that could be used as a precursor for producing valuable chemicals. In this section,
the comparison of ethane conversion, light olefins production and product distribution between
EDH and ODH processes over CsRu/CeO2 catalyst was carried out.

Figure 14. Ethane conversion over CsRu/CeO2 in different feeding rate
(Reaction condition: EDH-10: N2: 10ml/min, C2H6: 10ml/min; ODH-10: N2: 5ml/min, C2H6:10ml/min, CO2:
5ml/min; EDH-20: N2: 20ml/min, C2H6: 20ml/min; ODH-20: N2: 10ml/min, C2H6:20ml/min, CO2:10ml/min;)

Two different flow rates with the same ethane concentration were selected to test the performance
of EDH and ODH processes. In EDH-10: C2H6 feed rate was set at 10ml/min, N2 feed rate was
set at 10 ml/min; in ODH-10: C2H6 feed rate was set at 10 ml/min, CO2 feed rate was set at 5
ml/min, N2 was set at 5ml/min; in EDH-20: C2H6 was set at 20 ml/min, N2 was set at 20 ml/min;
in ODH-20: C2H6 was set at 20 ml/min, CO2 was set at 10 ml/min; N2 was set at 10 ml/min. The
ethane concentration was all the same, 50% in the total gas flow. The ethane conversion was
significantly affected by the gases flow rate, as shown in Figure 14. The ethane conversion
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decreased with increase in gases mixture flow rate at all reaction temperatures in both EDH and
ODH processes. This was caused by the shorter the contact time between reactant and catalyst. For
endothermic ethane dehydrogenation, ethane conversion increased with increase in reaction
temperature. Comparing ethane conversion between EDH and ODH processes, it was clear that
ethane conversion in ODH process was always higher than that in EDH process (ODH-10>EDH10, ODH-20>EDH-20). We could conclude that the addition of CO2 improved the ethane
conversion.

Figure 15. Light olefins and BTX yield over CsRu/CeO2 at different temperature
(Reaction condition: EDH-10: N2:10ml/min, C2H6: 10ml/min; ODH-10: N2:5ml/min, C2H6:10ml/min, CO2:
5ml/min.)

As shown in Figure 15, at relatively lower reaction temperature (600-700 ℃), the main products
were light olefins, and the yield was significantly higher in ODH process. At relatively high
reaction temperature (700-800 ℃), the BTX was formed and ODH process had higher BTX yield
but lower light olefin yield than EDH process. For example, at 750℃, the yields of light olefins
were 53.2% and 52% in EDH and ODH process, respectively. Since ethane flow rate was 10
ml/min under those reaction conditions, the productivities of light olefins were 14.3 mmol·gcat-1·h20

1

and 13.93 mmol·gcat-1·h-1 in EDH and ODH process, respectively. By contrast, at the same

temperature, the BTX yields were 4.8% (1.28 mmol·gcat-1·h-1), 9.3% (2.5 mmol·gcat-1·h-1) in EDH
and ODH process, respectively. The BTX yield was increased with increase in reaction
temperature in both EDH and ODH process.

Figure 16. Light olefins distribution over CsRu/CeO2 at different temperature
(Reaction condition: EDH-10: N2:10ml/min, C2H6: 10ml/min.
ODH-10: N2: 5ml/min, C2H6: 10ml/min, CO2: 5ml/min.)

Oxidative catalytic dehydrogenation of ethane was considered the most anticipate pathway to
produce light olefins other than ethylene. In Figure 16, we demonstrated the light olefins’
distribution in both EDH and ODH process when the ethane flow rate was set at 10 ml/min using
CsRu/CeO2 as a catalyst. As shown in Figure 16, ODH process generated more olefins than EDH

at all tested temperature level. For instance, at 750℃, C3(propylene) and C4(butene) olefins were
detected besides ethylene over CsRu/CeO2 in ODH process, but only C4 olefin was detected in EDH
process. When the temperature was lower than 700℃ or higher than 750℃, the yields to C3 and
C4 olefins decreased.
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3.3.3 The effect of CO2/C2H6 ratio for ODH over CsRu/CeO2
CO2 works as oxidant in ODH process, the ratio of CO2/C2H6 could significantly affect the reaction
rate and product distribution. CO2 in the ODH process is converted to CO that could be used as a
precursor for producing valuable chemicals. In this section the effect of CO2/C2H6 ratio on the
ODH process performance was studied. Three different ratios with the same ethane concentration
were selected to test over CsRu/CeO2: a: CO2 flow rate was set at 5 ml/min, C2H6 flow rate was
set at 20 ml/min, N2 flow rate was set at 15 ml/min; b. CO2 flow rate was set at 10 ml/min, C2H6
flow rate was set at 20 ml/min, N2 flow rate was set at 10ml/min; c. CO2 flow rate was set at 15
ml/min, C2H6 flow rate was set at 20 ml/min, N2 flow rate was set at 5 ml/min. The ethane
conversion, light olefins yield and BTX yield are shown in Figure 17. The ethane conversion was
increased with increase in CO2 concentration, the conversion of three reaction conditions followed
the sequence of a<b<c. The light olefins yield at low temperature (<700℃) was increased with
increase in CO2 concentration in the feed stream. However, when temperature was higher than
700℃, light olefin yield decreased with increase in CO2 concentration due to the formation of
aromatics. The highest light olefins yield was obtained under the conditions of at 800℃ with feed
composition of a (CO2:5 ml/min, C2H6:20 ml/min, N2:15 ml/min). The light olefins yield was
58.3%, and BTX yield was 7.9%. The productivity of light olefins and BTX were 31.24 mmol·gcat1

·h-1, and 4.25 mmol·gcat-1·h-1, respectively.
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Figure 17. Ethane conversion, light olefins and BTX yield over CsRu/CeO2
(Reaction condition: a: CO2:5 ml/min, C2H6:20 ml/min, N2:15ml/min; b. CO2:10 ml/min, C2H6:20 ml/min, N2:10
ml/min; c. CO2:15 ml/min, C2H6:20 ml/min, N2:5 ml/min)

As shown in Figure 18, the CO2 conversion was increased with increase in reaction temperature.
The CO2 conversion was increased from 52.1% to 62% when temperature was increased from 750℃
to 800 ℃. However, at the same reaction temperature, the CO2 conversion decreased over the
course of reaction. For example, the CO2 conversion decreased from 52.1% to 32.8% after 30 min
time-on-stream at 700℃. Results indicated that the CO2 conversion depended strongly on the
degree of reduction of the cerium oxide phase. As the material was reduced by ethane, the CO2
conversion was high, but with more and more cerium being oxidized, the CO2 conversion
decreased. Nevertheless, the CO2 conversion was recovered even higher when the reaction
temperature was elevated to 750℃. This phenomenon is mostly due to the change of the oxidation
state of Ce3+ species. Because Ce3+ has a strong tendency to react with CO2, causing direct C=O
bond scission. The Ce3+ is mainly contributed from the Ce4+ from the reduction by hydrogen, which
was produced from ethane dehydrogenation process. With increase in reaction temperature, more
Ce3+ species were formed, resulting in high reaction activity for CO2 conversion.
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Figure 18. CO2 conversion over CsRu/CeO2 at various temperatures
(Reaction condition: N2:10 ml/min, C2H6:10 ml/min, CO2:10 ml/min)

3.3.4 The effect of feed rate in ODH over CsRu/CeO2
To optimize the ODH process, the effect of gases flow rate on ODH over CsRu/CeO2 was
investigated. Three different feed rates with the same ethane concentration were selected to test
over CsRu/CeO2. Reaction conditions: a. N2:5 ml/min, C2H6:5 ml/min, CO2:5 ml/min; b. N2:10
ml/min, C2H6:10 ml/min, CO2:10 ml/min; c. N2:20 ml/min, C2H6:20 ml/min, CO2:20 ml/min. As
shown in Figure 19, ethane conversion was decreased with increase in flow rate increase at all
reaction temperatures, meanwhile, ethane conversion was increased with increase in reaction
temperature. At 750 ℃, ethane conversion reached 77% with the lowest flow rate (N2: 5 ml/min,
C2H6: 5 ml/min, CO2: 5ml/min), and 55.6% with the highest flow rate (N2: 20ml/min, C2H6:
20ml/min, CO2: 20ml/min). However, as shown in Figure 20, the selectivity to light olefins was
increased with increase in flow rate. It reached the highest 86.7%, at 750 ℃ under reaction
conditions c, but in reaction condition a, the highest selectivity to light olefins was obtained at
700℃. By contrast, the selectivity of BTX was increased with decrease in flow rate and increase
in temperature.
Similar to EDH process, at low reaction temperature (< 700 ℃), the yield of light olefins decreased
as the flow rate increase. By contrast, at the higher reaction temperature (>700 ℃), the yield of
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light olefins increased and the yield of BTX decreased as the flow rate increase. At 800℃, the
yield of BTX reached the highest 12% under condition a, but only 6.2% under condition c.
However, the productivities were 1.61 mmol·gcat-1·h-1 and 3.32 mmol·gcat-1·h-1 under conditions a
and c, respectively. Meanwhile, the yield of light olefins at 800℃ was increased from 28.9% to
63.4% (Figure 20), i.e., the productivity was increased from 1.55 mmol·gcat-1·h-1 to 33.99
mmol·gcat-1·h-1 when ethane feeding rate from 5ml/min to 20ml/min. This was due to the decrease
in contact time that restrained the aromatization reaction. In the light olefins products, besides
ethylene, only a small amount of butene was detected when flow rate was increased.

Figure 19. Ethane conversion and BTX selectivity over CsRu/CeO2
(Reaction condition: a. N2:5ml/min, C2H6:5 ml/min, CO2:5ml/min; b. N2:10 ml/min, C2H6:10 ml/min, CO2:10
ml/min; c. N2:20 ml/min, C2H6:20 ml/min, CO2:20 ml/min.)

25

Figure 20. Light olefins selectivity and yield over CsRu/CeO2
(Reaction condition: a. N2:5 ml/min, C2H6:5 ml/min, CO2:5 ml/min; b. N2:10 ml/min, C2H6:10 ml/min, CO2:10
ml/min; c. N2:20 ml/min, C2H6:20 ml/min, CO2:20 ml/min.)

3.3.5 Conclusions
In this section, the ODH process was investigated. The performance of Ru/CeO2 and CsRu/CeO2
in ODH process was compared with EDH process. CsRu/CeO2 exhibited higher ethane conversion

and light olefins yield than Ru/CeO2. Results indicated that the addition of CO2 obviously improved
the ethane conversion and light olefins products diversity. In ODH, the effect of feed rate on process
performance was similar to EDH process; the higher feed rate resulted in higher light olefin yield and
lower BTX yield. CO2 conversion in ODH process over CsRu/CeO2 was influenced by the

temperature. When the reaction temperature was increased, the CO2 conversion increased.
However, CO2 conversion tended to decrease as the reaction proceeded over time.
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3.4. Catalyst Stability Testing
Although the CsRu/CeO2 catalyst showed desirable ethane conversion and light olefins yield, from
an industrial standpoint, it is important to determine the life and regeneration feasibility of it. In a
previous study, the catalyst used for ethane conversion at a similar reaction temperature
deactivated quickly. The rapid decrease in activity was attributed to the accumulation of carbon
on the catalyst or metal sintering. For example, Rita X Valenzuela et al. reported that ceria-based
catalysts (CaO-CeO2) showed a good catalytic performance for the oxidative hydrogenation of
ethane (ODE) with CO2. Furthermore, the catalytic activity was stable for at least 80h on stream
[22]

. Ni-Ce-O catalyst presented a relatively stable performance after 9h time-on-stream

[23]

.

Besides cerium oxide catalysts, other metal oxide catalysts like Mo2C showed a continued decrease
in ethane conversion over time [33]. This necessitates intermediate high-temperature hydrogenation
or calcination step for regeneration.
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Figure 21. CsRu/CeO2 lifetime test
(Reaction condition: N2:10ml/min, C2H6:10ml/min, CO2:10ml/min.)
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In this section, the stability of CsRu/CeO2 was investigated at 750 ℃, under feed rates of 10 ml/min
of N2, 10 ml/min of C2H6, 10 ml/min of CO2. The effect of reaction time on ethane conversion,
selectivity and yield of light olefins over CsRu/CeO2 is illustrated in Figure 21. The reaction
performed in two different ways, continuous reaction, and intermittent reaction. The continuous
reaction was performed for one week (Figure 21, day-16 to day-22), the reactor outlet was analyzed
by the online GC every 30 minutes. The intermittent reaction was performed optional in the whole
three months. During the period, the reaction was shut down and re-started every day at different
reaction temperatures and feed rate to test the stability of CsRu/CeO2. As shown in Figure 21,
ethane conversion reaches 70% with 78% selectivity to light olefins, resulting in 55% yield of light
olefins. Moreover, the CsRu/CeO2 was kept at steady state for over 90 days with no loss in ethane
conversion and light olefin production.
In summary, the CsRu/CeO2 catalyst has exhibited excellent stability in ethane conversion, light
olefin selectivity and yield. This is mainly because the shift of cerium valence state. Because Ce3+
has a strong tendency to react with CO2, causing direct C=O bond scission. The Ce3+ species are
formed mainly from the Ce4+ reduction by hydrogen produced from the ethane dehydrogenation.
During the reaction, CO2 continually oxidizes Ce3+ to Ce4+, which is then reduce by hydrogen. The
redox cycle can be repeated in the reaction keeping the catalyst active. Furthermore, the
CsRu/CeO2 catalyst is known for resistance to carbon deposition, evidenced from carbon balance
measured.
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4. Microwave-assisted Dehydrogenation of Ethane Over CsRu/CeO2
4.1 Microwave-assisted Non-oxidative Ethane Catalytic Dehydrogenation (EDH)
In this study, the EDH and ODH under microwave conditions were investigated. According to our
previous work, we knew that the Cs promoted catalyst CsRu/CeO2 exhibited higher ethane
conversion and light olefin selectivity than Ru/CeO2. As a result, CsRu/CeO2 was used in the study
of microwave effect on ethane dehydrogenation. Figure 22 shows the ethane conversion, light
olefin and BTX yields over CsRu/CeO2 at ethane inlet rate was 10 ml/min. The ethane conversion
was increased from 48.3% to 91.6% when the temperature was increased from 500℃ to 650℃.
By contrast, to reach this conversion level under conventional thermal conditions the temperature
would need to reach 700℃ (39.3%)-800℃ (88.1%).

Figure 22. Ethane conversion, light olefins & BTX yield and carbon balance over CsRuCeO2
(Reaction condition: N2:10 ml/min, C2H6:10 ml/min)

The light olefins and BTX yields were increased with an increase in temperature, the light olefin
yield was 58.7% at 650℃, i.e., when the ethane inlet rate was 10 ml/min, the productivity was
31.45mmol/gcat-1h-1. The highest light olefin yield under an equivalent thermal fixed bed reactor
was 53.2% at 750℃, which was close to 52.3% at 600℃ under microwave conditions. This
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indicated that the reaction temperature can be lowered by 150-200℃ under microwave conditions
to reach a similar level of performance. The BTX yield was increased with temperature and
reached 10.4% at 650℃, though no aromatics hydrocarbons were detected in this temperature
under conventional thermal fixed bed reactor. The carbon balance kept steady at around 94% in
the whole reaction process. That may be because the reaction temperature here was too low to
induce the polymerization of aromatic hydrocarbons.

Figure 23. Light olefins distribution over CsRu/CeO2
(Reaction condition: N2:10 ml/min, C2H6:10 ml/min)

Figure 23 shows the light olefin distribution at various temperatures. There were mainly five
different light olefins in the products, besides the main product ethylene, four others are C3 and
C4 olefins, propylene, butene, butadiene. But when temperature was lower than 600℃ no trans-2butene was formed, it only appeared in relative higher temperature (>600℃). Compared to the
products obtained from conventional thermal fixed bed reactor, multiple olefins were produced;
only ethylene and about 1% of Trans-2-Butene were formed when temperature was higher than
700℃. With increase in temperature, the proportion of ethylene in the total light olefins decreased,
though the proportion of other four light olefins increased. For example, when temperature was
increased from 500℃ to 650℃, the butadiene yield was increased from 0.8% (500℃) to 1.0%
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(550℃), 2.0% (600℃) to 2.3% (650℃). When the ethane inlet flow rate was at 10 ml/min, the
1,3-butadiene’s productivity was 0.52 mmol/gcat.·h.

Figure 24. Ethane conversion, light olefins and BTX yield in different ethane flow rate
(Reaction condition: a. N2: 10ml/min, C2H6: 10ml/min; b. N2: 20ml/min, C2H6: 20ml/min; c. N2: 40ml/min,
C2H6 :40ml/min; d. N2:80ml/min, C2H6: 80ml/min)

In order to optimize EDH process, the effect of reactant flow rate over CsRu/CeO2 catalyst was
investigated. Three different flow rates were selected for the testing at 600℃: a. N2 flow rate is 10
ml/min, C2H6 flow rate was set at 10 ml/min; b. N2 flow rate was set at 20 ml/min, C2H6 flow rate
was set at 20 ml/min; c. N2 flow rate was set at 40 ml/min, C2H6 flow rate was set at 40ml/min; d.
N2 flow rate was set at 80ml/min, C2H6 flow rate was set at 80ml/min. The ethane conversion and
product yield were significantly affected by the inlet gases flow rate. As shown in Figure 24, the
ethane conversion increases when the ethane inlet rate is increased from 10 ml/min to 20 ml/min,
then it is decreased with the increase in gases flow rate. Meanwhile, the yields of light olefins and
BTX showed the similar trend as the ethane conversion. The highest ethane conversion was 78.7%
at 20 ml/min of ethane and inlet temperature at 600℃. The highest yields of light olefins and BTX
were 55.9% and 6.3% under the same conditions, respectively. Therefore, the productivity of light
olefins and BTX were 29.93mmol·gcat-1h-1and 3.53mmol·gcat. -1h-1 respectively (Figure 25). By
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contrast, to reach this productivity level in conventional thermal fixed bed reactor, the reaction
temperature needs to be between 750℃ (52.5%) and 800℃ (57.7%). It was proved once again that
microwave could lower the reaction temperature than required in thermal reaction condition.
Furthermore, though the light olefin yield was decrease slightly with increase in ethane flow rate,
the productivity was increased as shown in Figure 25. The highest productivity was 92.7 mmol·gcat1

·h-1when ethane inlet rate was 80 ml/min.

Figure 25. Light olefins and BTX productivity in different ethane flow rate at 600℃
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Figure 26. Light olefins distribution in different ethane inlet rate at 600℃
Figure 26 shows the light olefin distribution under different flow rates at 600℃. Comparing to
Figure 10, more C3 and C4 olefins were detected. As feed rate increase, cis-2-butene was formed
but it decreased when feed rate was increased. The portion of butadiene decrease in the total light
olefins yield with ethane flow rate increase. However, the ethylene portion tended to increase,
though this on the contrary under conventional thermal condition.

4.2 Microwave-assisted Oxidative Ethane Catalytic Dehydrogenation (ODH)
Figure 27 shows ethane oxidative dehydrogenation performances over CsRu/CeO2 at 500 to 600℃
under microwave conditions. As shown in Figure 27, the ethane conversion increases with increase
in temperature, achieving much higher conversion than in EDH process. The highest conversion
was of 91.6% was achieved at 600℃, which was higher than the best conversion (89.6%) under
conventional thermal fixed bed at 800℃ (Figure 12). The yield of light olefins only increased from
51.4% at 550℃ to 53.1% at 600℃. Meanwhile, the BTX yield was increased from 2.7% to 16.1%.
By contrast, with the same feed rate in EDH process under the same reaction condition, the BTX
yield was increased from 1.1% to 3.6%. This indicated that the presence of CO2 significantly
improved the ethane conversion and BTX yield.
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Figure 27. Ethane conversion, light olefins and BTX yield over CsRu/CeO2
(Reaction condition: N2: 10 ml/min, C2H6: 10 ml/min, CO2: 10 ml/min)

Figure 28 shows the light olefin distribution at different temperature in ODH process. With
increase in temperature, the fraction of butadiene was increased in the total light olefins, but the
ethylene tended to decrease. Comparing to Figure 16, the distribution of light olefins under
conventional thermal fixed bed reactor, more C3 and C4 light olefins were detected here. In
thermal fixed bed reactor, when temperature reached 700℃ about 2% propylene and less than 1%
trans-2-butene were measured. By contrast, ethylene, propylene, trans-2-butene, 1-butene and 1,3butadiene were detected in microwave ODH process at the temperature even lower (500℃-600℃)
than needed in thermal fixed bed reactor.
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Figure 28. Light olefins distribution at different temperature in ODH process
(Reaction condition: N2: 10ml/min, C2H6: 10ml/min, CO2: 10ml/min)

4.3 Conclusions
In this section, the ethane conversion, light olefins and BTX yield, and light olefin distribution
were investigated under microwave condition for ODH process. The following conclusions were
reached:
a. The presence of CO2 lowered the reaction temperature and improved the aromatic
hydrocarbon productivity. By comparing to EDH process under the same conditions, we
found that ethane conversion was significantly improved in ODH process. However, the
highest light olefin yield was around 52% (the productivity was 14 mmol gcat-1h-1 when
ethane inlet rate was 10 ml/min), but the presence of CO2 resulted in formation of more
aromatic hydrocarbon.
b. The microwave lowered the reaction temperature than it needed in thermal fixed bed
reactor. The ethane conversion and light olefin yield under microwave conditions could
reach the same level at lower temperature than needed under thermal conditions, the
temperature difference was about 150℃-200℃.
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c. The microwave reaction could improve the formation of light olefins. When compare the
light olefin products between microwave condition and thermal fixed bed conditions, we
discovered that more C3 and C4 olefins were formed under microwave conditions, even
considerable butadiene was detected.
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5 Catalyst Characterization
5.1 XRD Analysis
XRD was utilized to identify crystalline phases and determine structural property of the catalysts.
As shown in Figure 30, the Ru diffraction intensity is much weaker over CeO2 support catalysts.
There is only a small Ru characteristic diffraction peak that can be observed over Ru/CeO2 when
zoomed in the XRD spectra. With the addition of Cs promoters, it is hard to find any characteristic
diffraction peaks that are attributed to Ru. These results indicate the formation of small particle
size of Ru over CeO2 supported catalysts. The diffraction peak of Cs was not observed over CeO2
supported catalysts, either. After reaction, the spent CsRu/CeO2 still kept the same diffraction
peaks with high intensity, meaning no active metal aggregate or crystal carbon formed.

Ru

Ru

Figure 29. XRD of Ru catalysts support on CeO2
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5.2 TEM Analysis

Figure 30. TEM images Ru/CeO2

Figure 31. TEM images CsRu/CeO2
TEM was utilized to measure the size and shape of the active metal particles as well as their
dispersion. As shown in Figure 30, the Ru particles are not visible on CeO2 support surface, even
with high-resolution TEM (HRTEM). The difficulty of observing Ru particles on some of these
catalysts is mostly due to the small Ru particle in size. For the CeO2 supported catalysts, the
formation of Ru-O-Ce phase may also be a reason for not being able to observe Ru particles
through TEM. Although no direct measurement, it is speculated that Ru is immersed into Ru-O38

Ce phase with the structure similar to lattice CeO2. As shown in Figure 31, in the presence of
promoter Cs, it is difficult to define any Ru particles on CsRu/CeO2, due to the particle size being
further reducted by Cs promoter.
A

B

Figure 32. Element EDS mapping of catalysts
A. Ru/CeO2(4%)

B. CsRu/CeO2(2-4%)

Elemental EDS mapping measurement by SEM was carried out to confirm the presence of Ru,
and/or Cs, in the corresponding catalysts with fine dispersion, results are shown in Figure 32.

5.3 CO Chemisorption Measurement
The Ru particle size was further quantified with CO chemisorption measurement. As shown in
Table 1, the Ru particle size and dispersion are affected by the support and promoter, and the
results are corresponded well with the XRD diffraction peak intensity. The Ru particle size is much
smaller with well dispersion over CeO2 supported catalysts in the absence of promoters. Over
Ru/CeO2, the Ru particle size is around 7.2 nm with 15.2% dispersion. The Ru particle sizes are
slightly reduced to 6.1nm over CsRu/CeO2, and the Ru particle dispersions are increased to 18.0%.
The particle size distribution is strongly corresponded with the XRD diffraction peak intensity.
Table 1. Physical and chemical properties of CeO2 supported catalysts measured
by CO chemisorption and XPS
Catalyst

Ru Dispersion

Ru Particle Size

(%)

(nm)

Ru 3d5/2 core level
spectra (eV)
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Ce3+/(Ce3++Ce4+) (%)

Ru/CeO2(4%)

15.2

7.2

279.8

32.1

CsRu/CeO2(2-4%)

18.0

6.1

278.9

36.7

Compared to TEM measurement, the Ru particles size measured by CO chemisorption is much
larger. The smaller Ru particle size measured by TEM as compared with CO chemisorption was
also reported by other researches.[34]This is largely due to the special interaction between Ru and
CeO2 support. Due to high reducible of CeO2 support, the Ru tends to be absorbed into the oxygen
vacancies of CeO2 crystal structure and forms a Ru-O-Ce phase which reduces the Ru XRD
intensity (Figures 30).[35] The formation Ru-O-Ce phase also makes the stronger interaction
between Ru and CeO2 support, limiting mobility of Ru therefore promoting formation of smaller
particles with higher dispersion.[36] The ethane conversion activity is largely improved by Ru
particle size reduction. However, Ru particle size is not the only determination factor to enhance
its catalytic activity of ethane conversion. Besides the structural effect, Ru oxidation state also
plays role in ethane conversion.

5.4 Characterization by XPS
XPS was utilized to characterize the oxidation state of Ru to identify the effect of support and
promoter in ethane conversion. Figure 33 shows the Ru 3d core level spectra of the catalysts
without reduction before the XPS measurements. The Ru 3d core level spectra consist of Ru 3d5/2
and Ru 3d3/2 core level spectra, due to the spin-orbital splitting. The Ru 3d3/2 core level spectra are
overlapped with C 1s core level spectra, which is derived from the carbon tape or slowly
accumulated in the spectrometer. For this reason, only Ru 3d5/2 core level spectra are used for the
discussion in this research.
As shown in Figure 33 and Table 1, the Ru 3d5/2 core level spectra ranging from 278.9 to 279.4
eV over CeO2 supported catalysts is observed. Ru 3d5/2 core level spectra are also affected by the
presence of promoters over both CeO2 supported catalysts. Specifically, in the presence of Cs
promoter, the Ru 3d5/2 core level spectra are decreased from 279.8 eV for Ru/CeO2 to 278.9 eV
for CsRu/CeO2. The Ru 3d5/2 core level spectra indicate the electron density of Ru, the low Ru
3d5/2 core level spectra mean the higher electron density.[37] While the electron density of Ru is
affected by its interaction with the support and promoter, CeO2 shows negative charge ability for
Ru, leading to alkane to olefins activity over CeO2 supported catalysts. The Ru electron density
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was further improved by adding promoters. Due to the lower electronegativity of Cs, it shows the
higher promoting effect.

Relative Intensity

CsRu/CeO2(2-4%)

Ru/CeO2(4%)

294

292

290

288

286

284

282

280

278

276

Binding Energy (eV)

Figure 33. Ru 3d XPS spectra of CeO2 supported catalysts
Moreover, the partial reduction of CeO2 facilitates ethane conversion. The changes of oxidation
state from Ce4+ to Ce3+ creates abundant of oxygen vacancies, which enhance the adsorption of
hydrogen and CO2 facilitating the ethane conversion. [38,39] Meanwhile, the oxygen vacancies lead
to the formation of Ru-O-Ce bonds and increase the interaction between Ru and CeO2.[39] The
strong interaction between Ru and CeO2 reduces the Ru particle size and improves Ru dispersion,
thus creating more active sites for ethne conversion. In addition to the increase in metal active sites,
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the oxygen vacancy also acts as an important coordination site in Ru/CeO2 catalysts. Therefore,
the concentration of oxygen vacancy in Ru/CeO2 catalysts is analyzed by XPS in the present study.
The amount of oxygen vacancy is correlated with the Ce3+ concentration. The oxygen vacancy
concentration is calculated by the ratio of the Ce3+ XPS peak area to the area of all Ce peaks.

Figure 34. Ce 3d XPS spectra of CeO2 supported catalysts
Figure 34 shows the Ce 3d XPS spectra of CeO2 supported catalysts. As show in Table 1, the
CsRu/CeO2 has the highest Ce3+/(Ce3++Ce4+) percentage of 36.7% and 32.1% for Ru/CeO2 (4%).
Meanwhile, the Ce3+/(Ce3++Ce4+) ratio is affected by Cs loading amount, which are shown in Table
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1 and Figure 34. The Ce3+/(Ce3++Ce4+) ratio is increased when the Cs loaded. This result indicates
that the interaction between Ru and CeO2 support is enhanced with increase in Cs loading, leading
to decrease in Ru particle size.

5.5 TGA Analysis for CsRuCeO2 Catalyst
TGA measurement was carried out to determine oxidation and reduction capacity in CsRu/CeO2

catalyst and reveal the stability of CsRu/CeO2 at a given temperature. The residual mass and the
oxidation temperature data provide information on the material’s decomposition. Figure 34 shows
a typical plot for weight percent and temperature versus time for CsRu/CeO2, the tempreature hold
for three hours at the same temperature to ethane dehydrogenation reaction condition. There were five

oxidation-reduction cycles in total to prove that this catalyst has redox ability under our reaction
temperature. Before reduction process, we fully oxidated the CsRu/CeO2 catalyst at proper
temperature accoding to the ethane dehydrogenate investiagtion we did before (Figure 35 a-1, b1, c-1, d-1). The reduction TGA performed after each oxidation. From the reduction curves, the
catalyst reduction rate could be determined at different temperature level.
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Figure 35. TGA analysis for CsRuCeO2 catalyst
a-1 Oxidation of CsRuCeO2 at 500℃ in air.

a-2 Reduction of CsRuCeO2 at 500℃ in hydrogen

b-1 Oxidation of CsRuCeO2 at 500℃ in air.

b-2 Reduction of CsRuCeO2 at 600℃ in hydrogen

c-1 Oxidation of CsRuCeO2 at 600℃ in air.

c-2 Reduction of CsRuCeO2 at 700℃ in hydrogen

d-1 Oxidation of CsRuCeO2 at 600℃ in air.

d-2 Reduction of CsRuCeO2 at 750℃ in hydrogen

e-1 Oxidation of CsRuCeO2 at 600℃ in air.

e-2 Reduction of CsRuCeO2 at 800℃ in hydrogen

By comparing those five reduction curves (Figure. 35 a-2, b-2, c-2, d-2, e-2), more weight loss
was observed at higher temperature. The weight loss from 150℃ to 250℃ was around 1%,
attributed to the complete reduction of Cs1+ to Cs0 and Ru4+ to Ru0, this conclusion will be proved
later in the TPR analysis. The weight loss at around 600℃ was mainly caused by the reduction of
the surface oxygen on CeO2.This is the point when conversion of stable ethane molecule occurred,
and light olefins could be detected in the products. From c-2 to e-2 in Figure 35 the weight loss
continued to decrease when temperature was held at a higher level. As shown in Figure 35 e-2,
around 1% weight loss was observed at 800℃ due to the reduction of lattice oxygen of CeO2. This
weight loss continued to decrease homologous to the increase in ethane conversion with
temperature increase. These results further confirmed that the reduction of CeO2 facilitates ethane
conversion.
The repeated oxidation and reduction TGA indicated that this CsRu/CeO2 catalyst could
continuously loop under our reaction condition without deactivation. This have been proved in our
catalyst life test section.
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5.6 H2-TPR Analysis

Figure 36. H2 temperature programmed reduction of CeO2 supported catalysts
H2-TPR was utilized to investigate the effects of support and promoter on the Ru catalysts
reducibility. As shown in Figure 35, two reduction peaks are detected over CeO2 support. The one
centered around 500℃ represents the reduction of the surface oxygen on CeO2, the other centered
around 820℃ is due to the reduction of lattice oxygen of CeO2. A hydrogen reduction peak in the
temperature range of 65-165℃ is observed over Ru/CeO2, where a main peak centered around
125℃ and a shoulder peak centered around 110℃ are observed. The main peak is attributed to the
complete reduction of Ru4+ to Ru0, whereas the shoulder peak is associated with Ru species
interacting with CeO2 support through sharing of common oxygen atoms. When Cs promoter is
added to the catalysts, two reduction peaks are observed over CsRu/CeO2 with the lower
temperature peak being attributed to the Cs reduction and the higher peak to the Ru. The closeness
of these two peaks is due to the Cs dispersed over the Ru particles or close surroundings. As the
Ru has high hydrogen dissociating capability, Cs can be reduced by hydrogen spillover directly
and simultaneously with Ru.[32]
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6. Calculation of Equilibrium Concentrations Using ChemCAD Program
The most widely accepted kinetics model for hydrocarbon cracking to produce ethylene is based
on the observation that the disappearance of a simple compound is unimolecular through a first
order reaction [41,42]. computer programs provide similar results when the same equation of state is
selected. The SRK (Soave-Redlich-Kwong) equation of state provided a good match between
simulated properties and actual properties reported in the literature [43-47]. The hydrocarbons are in
vapor phase in this reaction, Soave Redlich-Kwong enthalpy model was used.

6.1 Problem Statement
(a) Calculate the percent equilibrium concentration of ethane for four temperatures (T= 600,
700, 750, 800℃) and two reactions (EDH and ODH) under atmosphere pressure. Using
the “equilibrium reactor” module of the ChemCAD, with the Soave–Redlich–Kwong
(SRK) thermophysical property package.
(b) Summarize the results of percentage conversion of ethane in a tabular form and plot the
percentage conversion obtained from experiments and simulation on the same graph.
(c) Calculate and compare the percent difference in the equilibrium ethane conversions and
obtained in experiment at different temperature and feeding ratios.
(d) Discuss the reason of the differences and find the feasible scheme to promote the ethane
conversion and target products productivity.

6.2 Problem Solution
There are four reactions in this scenario, according to the real condition, at 600℃, the main
reactions:
3C2H6 + 2CO2 = 2C2H4+4CO+5H2

(1)

CO2+5H2= CO+H2O

(2)

When it reached 700℃, besides reaction (1), lower than 5% methane started to form, the reaction
equation is:
C2H6 + H2 = 2CH4

(3)

From 750℃, the formation of benzene was detected. Besides reactions (1), (2) and (3), there was
a 4th reaction:
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3C2H6 = C6H6+6H2

(4)

We used the “equilibrium reactor” module of ChemCAD with the SRK thermophysical property
package to calculate the equilibrium ethane concentration at the various temperatures and feeding
ratio of EDH and ODH. For instance, part of the ChemCAD flow diagram and worksheet for
computation of equilibrium ethane concentration at T = 750℃ and feed ratio of C2H6 : CO2 : N2 is
2:1:1 is shown in Figure 37. Feed flow rate is set at 0.1071429 mole/h (0.05357143mole/h of C2H6,
0.02678571mole/h CO2, 0.02678571mole/h N2), entering the equilibrium reactor which is kept at
a constant temperature of T = 750℃ and atmosphere pressure. Only the gas phase product exits
the reactor with the following mole unit values(mol/h): C2H6=1.716542e-005, C2H4= 0.0198402.
Thus, the percent of conversion to ethane at these conditions is 99.97%. The complete set of the
percentage of C2H6 conversion values at equilibrium, as calculated by the “equilibrium reactor”
module of ChemCAD, is shown in Table 2.

Figure 37. ChemCAD flowsheet for computation of equilibrium ethane conversion
at 750℃, Feeding ratio C2H6: CO2: N2 is 2:1:1
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Table 2. C2H6 conversion at equilibrium calculated by the ChemCAD program
Percentage of Ethane Conversion at Equilibrium
T (℃)

EDH
Feeding ratio: C2H6: N2

600
700
750
800

1:1
23.37
99.50
99.59
99.67

ODH
Feeding ratio: C2H6: CO2: N2
1:1:1
86.44
99.26
99.98
99.99

2:1:1
65.34
99.96
99.97
99.98

4:3:1
76.88
99.96
99.98
99.98

Figure 38. Comparison of the equilibrium and experimental ethane conversion
a. C₂H₆:10ml/min; N₂:10ml/min.
b. C₂H₆:10ml/min; CO₂:10m/min; N₂:10ml/min.
c. C₂H₆:20ml/min; CO₂:10m/min; N₂:10ml/min. d. C₂H₆:20ml/min; CO₂:15m/min; N₂:5ml/min.

The results obtained are plotted in Fig. 37 and compared with the C2H6 conversion percentage
values obtained in our experiments. Examining the plot of the differences between the equilibrium
C2H6 conversion percent values obtained by ChemCAD and the real tested C2H6 conversion values
shows that there are noticeable differences at lower temperature and the difference become smaller
when temperature is increased. When temperature is creased, the reaction rate accelerates, then
the reaction needs less time to reach its dynamic equilibrium. When reaction temperature reached
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800℃, the difference in C2H6 conversion between simulation and experimental data becomes the
smallest.
Compared the equilibrium C2H6 conversion obtained by ChemCAD, we could find that it was
significantly improved when CO2 was added in this reaction when the reaction temperature was
lower than 700℃. With the increase in CO2/C2H6 ratio, the equilibrium C2H6 conversion was
increased, especially in lower temperature. For instance, at 600℃, the equilibrium C 2H6
conversion is 23.4% (a. CO2/C2H6=0/1), 65.3% (c. CO2/C2H6=1/2) and 76.9% (d. CO2/C2H6=3/4),
the CO2/C2H6 ratio is a<d<b, and the equilibrium C2H6 conversion is a<d<b. It indicated that CO2
could notably improve the C2H6 conversion and lower the reaction temperature.

6.3 Conclusions
The ChemCAD process simulation program was used here for calculating the equilibrium
conversion of ethane when it was converted to ethylene in EDH and ODH processes. It shows that
the ethane conversion didn’t reach its equilibrium level, but with temperature increase the
difference between them become smaller. In the ODH process, the adding of CO2 significantly
improved the ethane conversion especially when the reaction temperature was low.
Comparing the ethane conversion in equilibrium calculation and experimental, it is easily to find
point we could improve in future. When the temperature at around 700℃, it would have a big
potential to improve ethane conversion by increase CO2 partial volume or remove products to drag
the reaction equilibrium to right side. Since the total volume of the products is increase, so low the
pressure may also could be an advantage to improve the ethane conversion.
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7. Summary and Conclusions
In the past work, two new catalysts (Ru/CeO2 and CsRu/CeO2) were designed and prepared based
on lots of literatures from other researchers’ work. The basic catalyst characteristic work has been
analyzed by XRD, XPS, TEM, TPR. The catalyst testing in thermal fixed bed reactor proved that
they have excellent catalytic property and resistance to carbon deposition, especially CsRu/CeO2.
The catalyst stability test showed that after over one month continued reaction, ethane conversion,
light olefins selectivity and light olefins yield remain unchanged.
The addition of CO2 in the oxidation ethane hydrogenation (ODH), the effect of CO2 ratio in the
reactant’s mixture was tested. Combined with the equilibrium simulation, we found that the
presence of CO2 in this reaction could significantly improve ethane conversion especially in
relative lower temperature. More light olefins were obtained in ODH process than in EDH process.
The EDH and ODH reactions under microwave over CsRu/CeO2 catalyst was processed. In this
part of work, it proved that microwave could lower the reaction temperature from 150-200℃.
Compared to the thermal fixed bed reaction, the microwave condition produced more light olefins.
In summary, the CsRu/CeO2 catalyst is a very promising catalyst for ethane conversion to light
olefins, for it has excellent stability and ethane conversion. Microwave-assisted approach
improved the ethane conversion and light olefins yield. The combined theoretical and experimental
approaches adopted in this work helped us to prove the hypothesis formulated from the
experimental and allow us to know the point we could improve in ethane conversion to light olefins
in future.
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